We present the hydrodynamic evolution in three-dimensions of a spherical bubble embedded in a less dense uniform ambient medium as it interacts with a Mach 10 planar shock.
A detailed understanding of the interaction of supernova remnants (SNR) with the inhomogeneous interstellar medium (ISM) is vital not only for interpreting the observations of SNR themselves, but also for understanding how SNR aect the evolution and structure of the ISM. Thus, the idealized problem of the interaction of a SNR with a single isolated interstellar cloud has received considerable attention (Woodward 1976; Nittman et al 1982; Tenorio-Tagle and Rozyczka 1986; Winkler et al 1987; Picone and Boris 1988) . Recently, Klein, Colella and McKee (1990;  hereafter KCM) used sophisticated numerical algorithms to produce the most highly resolved simulations to date of the interaction of a planar shock with a spherical cloud. Their results indicated that at late times the cloud was completely disrupted by the vorticity generated at the cloud surface. However, all of these previous studies have assumed axisymmetry so that the evolution of the cloud is restricted to two dimensions only. Thus, the questions of the stability and evolution of the vortex \rings" produced in two-dimensional simulations have been left largely unanswered. In this letter, we report on the rst fully three-dimensional calculation of this problem in which we follow the evolution and fragmentation of the cloud including non-axisymmetric perturbations.
Following previous workers, we represent an interstellar cloud as a spherical bubble in pressure balance with a less dense homogeneous ambient medium, The ratio of the density of the bubble to the density of the ambient medium, , is taken to be ten. We assume both the cloud and ambient medium are inviscid, non-magnetic uids which follow a gamma-law equation of state with = 5=3. While radiative cooling and magnetic elds are likely to be important to the dynamics of most interstellar clouds, we ignore them here in order to focus on the eects of the fully three-dimensional evolution. The two-dimensional evolution of magnetized interstellar clouds interacting with shocks will be presented elsewhere (MacLow et al 1991) .
The SNR is represented by a Mach 10 adiabatic shock. For strong shocks, the shock speed in the cloud V c will be related to the shock speed in the ambient medium V a by (McKee and Cowie 1975) V c = 01=2 V a :
KCM dene the cloud crushing time to be the time it takes for the internal shock to traverse the cloud, so that
where R is the radius of the cloud. In order to ascertain the nal state of the cloud, the calculation must be carried out to many cloud crushing times. KCM computed the evolution of the cloud in two-dimensions to t = 9:7t c , however due to the greater computational demands of a three-dimensional simulation we terminate the calculation at t = 4:5t c .
The results presented in this letter have been computed using a new implementation of the piecewise parabolic method (PPM) described by Colella and Woodward (1984) recently written by the authors. The dynamics of this problem is dominated by the interplay of a complex pattern of interacting shocks, thus the use of a high-order Godunov algorithm such as PPM, which is specically designed for such problems, is ideal. This point is especially true in three-dimensional simulations, since current supercomputer resources limit such calculations to moderate resolutions at best. Thus, the lower numerical viscosity aorded by a high-order Godunov scheme is important to achieve accurate results.
Even with high-order numerical schemes, three-dimensional simulations still require copious numbers of grid points for even marginal resolutions. For this problem, we compute the evolution of only one quadrant of the cloud (two-fold symmetry is assumed) in Cartesian coordinates in the domain (X; Y; Z) 2 (01:40 4:6; 00 2; 002) with the cloud centered on the origin. The cloud radius is taken to be R = 1, and a mesh of 360 21202120 is used for a total of 5.184 million grid points. Even so the cloud is represented by only 60 points per radius, therefore we consider our simulation to be only moderately resolved. Because of the inability of a Cartesian mesh to represent a spherical surface accurately, the density distribution at the cloud surface is not axisymmetric. This symmetry breaking provides the necessary non-axisymmetric perturbation which results in the complex ow pattern observed in our simulations at late times.
The Mach 10 shock is initialized on the mesh at X = 01:2 using the hydrodynamic jump conditions and is allowed to propagate a short distance before encountering the cloud.
This procedure results in a small start-up error which quickly propagates o the grid. The planes Y = Z = 0 are assumed to be symmetry planes, while at the planes Y = Z = 2 and X = 4:6 we implement free (outow) boundary conditions. At the plane X = 01:4 the boundary condition is given by supersonic inow at the post shock conditions. Figure 1 is a grayscale image of the logarithm of the density taken at three dierent times during the cloud's evolution. The left frame is taken at t = 0:5t c , the middle at t = 2:0t c , and the right at t = 4:5t c at which point the calculation was terminated. Each frame is a volumetric rendering of the three-dimensional density distribution computed by solving a radiative transfer-like equation along each line of sight with an emissivity proportional to the logarithm of the density. An exponential decay is applied to the intensity equally along all rays to give the image depth. In addition, the computational volume is rotated by 30 between each image. Some horizontal intensity gradients in each frame are due to the variation of pathlengths of rays through the computational volume with impact parameter.
The fragmentation of the cloud can be clearly followed in these three frames. At t = 0:5t c , the incident shock has begun to crush the cloud laterally, and has attened the upstream surface considerably. At t = 2:0t c the incident shock is now far downstream of the cloud. A small protrusion can be observed in this shock front. It marks the location of a supersonic vortex ring created by the refraction of the incident shock as it wraps around the cloud. This vortex ring has been previously observed in highly resolved twodimensional calculations (Winkler et al 1987; KCM) . The on-axis reection of the radially focused shock front which occurs immediately behind the cloud drives secondary shock fronts back upstream through it, contributing to its disruption. The high density, nearly stationary cloud is now embedded in the fast moving post shock material and can be clearly seen to be tearing into laments along its surface. The non-axisymmetry of these laments is ultimately related to the initial representation of the spherical cloud on a Cartesian mesh. In the last frame, at t = 4:5t c , the fragmentation of the cloud is well developed. The original cloud can still be identied as a large mass concentration on the axis. We note the presence of Richtmyer-Meshkov \ngers" on its upstream interface excited by the incident shock front. Much like the well known Raleigh-Taylor instability, the Richtmyer-Meshkov instability occurs when a dense uid is accelerated by a light one, except in this case the acceleration is impulsive; it occurs when the incident shock rst encounters the cloud. Much of the cloud material is distributed in a ring of laments and fragments downstream of the original cloud. The symmetry planes originally imposed on the calculation can be seen in the reection of structures in this image.
The distribution of the density at late times shows the same complexity as the experimental results of Haas and Sturtevant (1987) . We have found that running the simulation with one-half the number of grid points in each dimension considerably reduces the fragmentation of the cloud, thus the size and number of fragments produced in our simulation is resolution limited. In two dimensions, KCM demonstrated with the extremely high eective resolutions aorded by their numerical algorithm that the entire cloud was disrupted into fragments at late times. We postulate that simulations in three-dimensions at much higher resolutions and at later times than presented here will reproduce this result.
Studies of shock interactions with density stratied interfaces has demonstrated the utility of a vortex paradigm to interpret the evolution (Hawley and Zabusky 1988; Yang et al 1991) . Thus, to understand the internal dynamical evolution of the cloud outlined above, we give in Figure 2 grayscale images of the magnitude of the vorticity, ! = r2v, at the same times and computed with the same methods as the images in Figure 1 .
From Figure 2 , we see at t = 0:5t c a sheet of vorticity is deposited on the cloud surface due to baroclinic vorticity generation. This well understood uid dynamical phenomena occurs whenever the gradients of temperature and entropy are not parallel; then the baroclinic vorticity source term in the vorticity evolution equation (which is proportional to rT 2 rS) is non-zero. At t = 2:0t c the supersonic vortex ring created by the refraction of the incident shock is clearly evident downstream of the cloud. Note, however, that the ring is not planar, but is signicantly warped. The vortex sheet deposited on the clouds surface has wrapped up into a loose ring which already shows considerable non-axisymmetric structure. At late times, t = 4:5t c , the supersonic vortex ring has propagated o the grid, while the vorticity deposited at the cloud surface has reorganized itself into a complex network of intertwined laments which we identify as the onset of turbulence. Indeed, comparison of Figures 1 and 2 shows the vorticity contains considerably more complex structure at late times than does the density.
The theoretical analysis of the three-dimensional evolution of vorticity in a uid is a challenging problem in modern uid dynamics (Saman and Baker 1979) , thus no detailed interpretation of this phenomena has yet emerged. However, the experimental work of Maxworthy (1977) on the stability of vortex rings, and the subsequent theoretical analysis of Widnall and Tsai (1977) For example, in our simulation a primary instability acts to roll-up the initial vortex sheet into a toroid, a secondary (\bending wave") instability produces classical \hairpin" bends in this tube, while tertiary instabilities acting on the \hairpins" dissolve the ow into yet ner structures, and so on leading to turbulence. An important open question in theoretical turbulence modeling is the persistence of large scale coherent structures. This requires that the eect of the non-linear term in the Navier-Stokes equations be small. It can be shown that the non-linearity is depleted if ! is aligned with v, i.e. whenever the helicity (dened as v 1 !) is large. We have found that some of the vortex laments which occur at late time in our simulation have a large helicity, thus these laments may be relatively long lived structures. A more detailed analysis of the turbulent ow eld observed at late times in our simulation will be presented in a future communication , such an analysis is beyond the scope of this letter.
The distribution of vorticity in the cloud into intense laments submerged in a turbulent wake has important astrophysical implications. Recent observational studies of young SNR such as Tycho, Kepler, and Cas A (Braun 1987; Braun, Gull, and Perley 1987) reveal that the structure observed in these sources is dominated by two eects: 1) the interaction of the blast wave with a clumpy circumstellar or interstellar medium, and 2) the puncturing of the decelerated outer shell behind the leading shock by high velocity clumps which have condensed from ejecta arising from deeper within the SN. Both processes lead to compact radio emission knots varying on short timescales (Tus 1986) which are often located at the apex of a cone shaped structure thought to be the bow shock produced by the clump. The turbulent ow eld observed in our simulation provides a natural site for the necessary particle acceleration and magnetic eld amplication to produce a radio emission knot. For example, as pointed out by KCM, in regions of the highest vorticity, the ambient magnetic eld present in the interstellar cloud will be amplied by shear until equipartition of magnetic and kinetic energies is reached. The resulting localized regions of strong magnetic eld will then dene the regions of synchrotron emission of electrons. However, detailed self-consistent modeling of the synchrotron emission from SNR will require full MHD modeling of the cloud dynamics combined with a radiative transfer calculation of the synchrotron brightness distribution.
Our conclusions are as follows:
We have presented for the rst time a fully three-dimensional simulation of the interaction of a large SNR with an interstellar cloud. Although in this rst simulation we have only presented results for a spherical cloud, in a future communication we will report on simulations we have recently completed using more complex geometries.
We nd the cloud fragments in all directions and ultimately is completely disrupted. ) is large enough to produce a turbulent wake downstream of the cloud which is eective in disrupting it. With only 60 grid points per cloud radius initially we consider our simulation to be only moderately resolved. We postulate that if greater resolution could be aorded in three-dimensions, an even greater degree of fragmentation would be observed (as is true in two-dimensional simulations).
Most importantly we have noted the presence of non-axisymmetric instabilities in vortex rings generated during our simulation. This instability results in the warping of the well known supersonic vortex ring created downstream of the cloud, and probably is the source of the turbulent pattern of vortex laments seen at late times.
We expect a correlation between vorticity and synchrotron brightness due to the shear amplication of ambient magnetic elds. Thus, the complex pattern of vortex laments which arise in the shock-cloud interaction may account for the radio emission peaks observed in young SNR such as Cas A.
We thank Jay Boris, Richard Klein, Mordecai-Mark MacLow, and Chris McKee for stimulating discussions. The simulations were performed on the Convex C240 and Connection Machine at the National Center for Supercomputing Applications. 
